Phagocytosis and killing of microorganisms are two major tasks which cells of the myeloid system have to fulfill. For this purpose, monocytes/macrophages (MO) and granulocytes (polymorphonuclear leukocytes [PMN] ) possess a variety of receptors and enzymatic mechanisms enabling them to engulf and kill microbes (12, 18) . Microorganisms develop various methods to avoid phagocytosis and killing, and so-called "intracellular parasites," e.g., Mycobacterium tuberculosis, can even survive and multiply within phagocytes (2) . The extracellular parasites can also interfere with their own phagocytosis, and some of them, e.g., Staphylococcus aureus, produce toxins which destroy phagocytes (25) . Despite this, it is generally accepted that extracellular bacteria, like S. aureus, are efficiently phagocytosed and killed within PMN and MO, and this phenomenon is frequently used as a standard assay to examine the phagocytic cell function (10, 20) .
In this report, we examine the consequence of phagocytosis of extracellular bacteria for MO and PMN. Previous reports suggested that after phagocytosis of bacteria, MO have reduced viability which correlated with changes in their morphology, indicating apoptosis (3, 22) . Here, we examine this phenomenon and show that phagocytosis of bacteria induces apoptosis of MO but slows down spontaneously occurring apoptosis of granulocytes.
MATERIALS AND METHODS

Bacterial strains. S. aureus (ATCC 25923), Escherichia coli (NCTC 10418),
Pseudomonas aeruginosa (ATCC 27853), and Salmonella enteritidis (clinical isolate) were grown for 18 h on sugar broth, washed twice with a large volume of saline, and unless otherwise stated, opsonized (30 min, 37ЊC) in the presence of 5% of fresh or heat-inactivated human serum. After additional washing, the density of bacterial cells was measured spectrophotometrically (540 nm), and the cell number was calculated by using previously determined standard curves (based on CFU counts). Finally, bacteria were adjusted to a concentration of 10 9 /ml in phosphate-buffered saline (PBS).
To enable analysis of phagocytosis by flow cytometry, bacteria were incubated before opsonization for 2 h at 37ЊC in PBS containing 0.1% fluorescein isothiocyanate (FITC; BHD Chemicals Ltd., Poole, England). In some experiments, bacteria were killed by heating in a water bath for 30 min at 72ЊC. Latex particles. Latex particles (diameter, 0.8 to 1.0 m) were obtained from the Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences (Cracow, Poland). They were washed twice with 70% ethanol and kept suspended in PBS at a concentration of 1.5 ϫ 10 9 /ml. Cell populations. Peripheral blood mononuclear cells were isolated by standard Ficoll-Paque (Pharmacia, Uppsala, Sweden) gradient centrifugation from heparin-or EDTA-treated blood from healthy donors. The cells were suspended in Hanks' balanced salt solution supplemented with 1% autologous plasma and subjected to countercurrent centrifugal elutriation (Beckman JE-6B elutriation system equipped with a 5-ml Sanderson separation chamber) to obtain MO. MO enrichment was confirmed by nonspecific esterase staining (85 to 95% positive) and/or expression of CD14 antigen (85 to 95% LeuM3 positive). MO were washed once with cold RPMI 1640 and until used kept in an ice bath at 5 ϫ 10 6 /ml in incomplete (without antibiotics) medium (RPMI 1640 supplemented with L-glutamine and 10% fetal calf serum; all reagents from GIBCO, Grand Island, N.Y.).
PMN were isolated from pellets remaining after peripheral blood mononuclear cell isolation. To avoid hypotonic lysis, which may induce loss of PMN by clumping and damage of membrane integrity (7), pellets containing PMN and erythrocytes were resuspended in two volumes of saline and centrifuged through a discontinuous Percoll (Pharmacia) gradient. Cells collected from the gradient interface were at least 90 to 95% neutrophils, as determined by morphologic examination of cytocentrifuge preparations stained with May-Grünwald-Giemsa stain (Merck Ltd., Poole, England). Freshly isolated PMN were washed once with cold RPMI 1640 and suspended in incomplete medium at a concentration 5 ϫ 10 6 /ml. Phagocytosis of bacteria. MO or PMN (2.5 ϫ 10 6 /ml) were incubated (37ЊC) in siliconized glass tubes with suspensions of opsonized bacteria in a total volume of 1 ml. Unless indicated, the phagocytic cell/bacterium ratio was approximately 1:20. MO and neutrophils without bacteria were also incubated in parallel. After 0.5 h of incubation, 1 ml of ice-cold complete medium with antibiotics (penicillin [100 U/ml] and streptomycin [100 g/ml]; GIBCO) was added, and cells were centrifuged (110 ϫ g, 5 min) to separate phagocytic cells from free bacteria and resuspended in complete medium. In some experiments, only antibiotics were added, and cells were further cultured without washing. In these cases, phagocytes and bacteria were incubated in the Falcon 2054 tubes used for culture. This procedure was selected to reduce the possibility that some phagocytic cells would be lost during the washing procedure. In some experiments, latex particles were used instead of bacteria. In these cases, after 30 min of incubation, phagocytic cells were washed twice at 110 ϫ g to remove most unphagocytosed particles.
Evaluation of bactericidal capacity of phagocytes. The ability of MO and PMN to kill S. aureus was measured by a standard CFU method. Briefly, phagocytic cells were incubated for 30 min with bacteria and washed as described above except that the cell/bacterium ratio ranged from 1:1 to 1:100. Immediately after washing and then after 1 and 2 h of incubation, samples (100 l) of phagocytic cell suspensions were transferred into 900 l of ice-cold distilled water to lyse phagocytic cells; then serial dilutions in saline were plated onto sheep blood agar plates. Colonies were counted after incubation for 24 h at 37ЊC, and the percentage of killed microorganisms was calculated, taking the value determined in the sample processed immediately after washing as 100%.
Cell cultures. Cell suspensions (2.5 ϫ 10 6 in 1 ml) were kept in Falcon 2054 tubes and incubated at 37ЊC in a 5% CO 2 atmosphere for up to 48 h. In some (10 6 cells in 1 ml), H 2 O 2 was added to the medium as indicated. DNA isolation and gel electrophoresis. To exclude the possibility of leakage of fragmented, low-molecular-weight DNA from cells during washing, the DNA was isolated from the whole cell culture volume (1 ml). Suspensions of MO or PMN were supplemented with sodium dodecyl sulfate (Fluka Chemie AG, Buchs, Switzerland) to a final concentration of 0.5%, mixed vigorously, and incubated at 65ЊC for 1 h to obtain a viscous and clear cell lysate. The lysate was then treated with 20 g of RNase A per ml (37ЊC, 1 h) and 20 g of proteinase K per ml (50ЊC, 1 h) and extracted twice with an equal volume of phenolchloroform (1:1). DNA in the aqueous phase was precipitated at Ϫ20ЊC in 0.3 M sodium acetate-75% ethanol. Precipitates were pelleted by centrifugation (13,000 ϫ g, 10 min, 4ЊC), washed with ice-cold 70% ethanol, and air dried. For electrophoresis, DNA samples were dissolved in 50 l of Tris-EDTA buffer (Sigma). To each sample, 10 l of gel loading buffer (25% Ficoll 400 [Pharmacia] plus 10 mM EDTA, 0.01% bromophenol blue, and 0.01% xylenecyanol [all from Sigma]) was added, and the samples were heated at 65ЊC for 10 min. Aliquots corresponding to 10 6 cells were loaded per slot. Samples were electrophoresed for 90 min at 5 V/cm in 2% agarose gel (Sigma) containing 0.5 g of ethidium bromide per ml in Tris-borate-EDTA buffer (pH 8.2). DNA was visualized by UV light and photographed. Sizes of DNA fragments in the samples were determined by comparison with standard DNA molecular weight marker VIII (Boehringer Mannheim GmbH, Mannheim, Germany). Measurement of DNA concentration. DNA concentration was evaluated by the diphenylamine reaction (4). Briefly, DNA samples dissolved in Tris-EDTA buffer were diluted 10-fold with 0.5 N perchloric acid. Freshly prepared diphenylamine reagent (200 l; Sigma) containing acetaldehyde (16 mg/ml; Sigma) was added to a 100-l portion of each sample. The tubes were incubated at 30ЊC for 18 h. Aliquots of 150 l were transferred to flat-bottom, 96-well polystyrene microtiter plates, and the A 600 was measured on an automated plate reader (Behring, Marburg, Germany). DNA in the samples was determined from a standard curve, prepared from salmon sperm DNA (Sigma) diluted in 0.5 N perchloric acid. Aliquots corresponding to 10 6 cells contained 100 g of DNA. TdT assay. DNA strand breaks in individual apoptotic cells were detected by in situ terminal deoxynucleotidyltransferase (TdT) assay as described by Gorczyca et al. (9) . Briefly, following incubation with bacteria, the cells (0.5 ϫ 10 6 ) were fixed in 1% formaldehyde in PBS (pH 7.4) for 15 min on ice. After being washed in 3 ml of PBS, cells were resuspended in 70% ice-cold ethanol and kept at Ϫ20ЊC for at least 2 h. After washing, cells were resuspended in 50 l of a TdT buffer, which consisted of 0.1 M sodium cacodylate (pH 7.0; Sigma), 1 mM CoCl 2 (Sigma), 0.1 mM dithiothreitol (Sigma), 0.05 mg of bovine serum albumin (Sigma) per ml, 10 U of TdT (Boehringer), and 0.5 nmol of biotin-16-dUTP (Boehringer). Negative controls were cells incubated in TdT buffer without transferase. The cells were incubated in this solution at 37ЊC for 1 h, rinsed in PBS, and resuspended in 100 l of staining solution, which contained phycoerythrin-conjugated streptavidin (final dilution, 1:100; Jackson Immunoresearch Laboratories, Inc., West Grove, Pa.), 4ϫ SSC (Sigma) (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% Triton X-100, and 5% (wt/vol) nonfat dry milk. Cells were incubated with this buffer for 30 min at room temperature in the dark. Following incubation in staining solution, the cells were rinsed, resuspended in 0.4 ml of PBS, and analyzed by flow cytometry.
Flow cytometry and cell sorting. Flow cytometry analysis was performed with a FACScan or FACStar plus flow cytometer (Becton Dickinson, San Jose, Calif.) equipped with a standard argon laser. In each case, at least 10,000 cells were analyzed by using PC-lysis software (Becton Dickinson). The cell populations with and without bacteria (green and not green) were analyzed for the proportion of cells incorporating dUTP (see above) or stained with 7-amino-actinomycin D (7AAD; Sigma) to detect apoptotic or dead cells as described by Schmid et al. (23) . In the latter case, cells were incubated for 15 min on ice in the presence of 20 g of 7AAD per ml just before measurement.
To separate cells with and without bacteria, MO were allowed to phagocytose FITC-labeled S. aureus for 30 min. Then they were washed in ice-cold PBS containing antibiotics and passed through a FACStar plus , using the forward scatter signal/side scatter signal gate as a sole criterion (sorted all) or sorted according to the presence of bacteria (green versus not green).
Light microscopy. To estimate morphological changes characteristic for apoptosis, cells that had been spun in a Cytospin 2 centrifuge (Shendon, England) were fixed in methanol, stained with May-Grünwald-Giemsa stain, and examined by oil immersion light microscopy at a magnification of ϫ1,000. Apoptotic cells were identified by blebbing of plasma membranes, condensed and fragmented nuclei, and decrease in cell size. a MO were cultured for 6 h before harvesting and labeling. Cells with and without bacteria were gated according to the presence of green fluorescence (the percentage of cell with bacteria varied between 32 and 55%).
b After 30 min of phagocytosis and washing, MO were sorted without any discrimination (sorted all) or according to the presence of bacteria. The positive population was 90% positive when reanalyzed after sorting. The negative population contained only 3% positive cells. The data show 7AAD staining of sorted cells after 18 h of incubation.
c After 18 h of culture, the percentage of negative cells increased from 10 to 23%; these were analyzed within a green negative gate. 
FIG. 2. Cytocentrifuge preparations of intact MO (A) and cells exposed to S. aureus (B) and E. coli (C) after
RESULTS
MO become apoptotic after phagocytosis of bacteria. Using flow cytometry, we observed that after phagocytosis of bacteria, MO changed their scatter pattern in a way suggesting that they may become apoptotic (3, 22) , and others have shown that macrophages undergo apoptosis after phagocytosis of Shigella flexneri (28) . To determine whether MO undergo apoptosis after phagocytosis of bacteria, their DNA was isolated and analyzed by gel electrophoresis. MO were incubated for 30 min with opsonized suspensions of different strains of bacteria. Thereafter, phagocytic cells were separated from free bacteria by centrifugation at 110 ϫ g and then cultured for 18 h before DNA isolation. As shown in Fig. 1 , the DNA isolated from cells exposed to different extracellular bacteria was partially fragmented, which resulted in a typical ladder pattern. Furthermore, the degradation of DNA was more pronounced after phagocytosis of live bacteria ( Fig. 1 and Table 1 ). Possible adherence to polystyrene tubes had no apparent influence, since the same results were observed when cells were cultured in siliconized glass or polypropylene tubes (not shown). In a separate experiment, the proportion of cells with DNA strand breaks was measured after 18 h of culture. By this method, the proportion of apoptotic cells in the control was 8%, while after phagocytosis of S. aureus, P. aeruginosa, and E. coli, the proportions were 39.5, 25.2, and 17.5%, respectively. In addition, when analyzed by light microscopy, many cells which took up bacteria exhibited an altered morphology, suggesting disintegration of their nuclei and cytoplasm (Fig. 2) . To determine whether apoptosis was restricted to cells which took up bacteria, MO preincubated with FITC-labeled S. aureus were labeled either with dUTP in the presence of TdT or with 7AAD. In the latter case, phagocytic cells with and without bacteria were separated by sorting immediately after 30 min of incubation of MO with FITC-labeled S. aureus. As shown in Table 1 , the DNA strand breaks and increased uptake of 7AAD were predominantly observed in population of cells which took up bacteria. In accordance with this finding, supernatants left after incubation of MO and bacteria for 30 min usually did not induce apoptosis of MO, although supernatants of a 3-h culture of S. aureus and E. coli in RPMI 1640 induced apoptosis of MO (not shown).
Phagocytosis of bacteria does not induce apoptosis of granulocytes. In contrast to MO, PMN did not become apoptotic up to 6 h after phagocytosis of bacteria ( Fig. 3 and Table 2) , and spontaneously occurring degradation of their DNA was delayed in populations which took up bacteria. The apparent difference noted between MO and PMN was not caused by the difference in phagocytosis and killing of microorganisms, since the two cell populations had a comparable abilities to perform this task (Fig. 4) . Also, the total amounts of DNA measured by the diphenylamine reaction were comparable in the samples with and without bacteria (not shown), indicating that no substantial loss of analyzed material took place during harvesting of samples.
Phagocytosis of latex particles has no influence on apoptosis of MO and PMN. To determine whether phagocytosis itself or its physiological consequences, e.g., generation of oxygen species, are responsible for the induction of MO apoptosis, we evaluated the effects of latex phagocytosis on MO and PMN. As shown in Fig. 5 , latex phagocytosis did not induce apoptosis of MO or have any effect on spontaneous apoptosis of PMN. Taking advantage of the fact that MO which took up latex particles induce a stronger scatter signal during flow cytometry, it was also possible to show that such cells incorporated even less dUTP than did the cells which took up bacteria (Fig. 6) . To exclude the possibility that differences between MO and PMN reflect their different susceptibilities to oxygen radicals, we measured the proportion of cells with DNA strand breaks after 6 h of culture in various concentrations of H 2 O 2 . As shown in Table 3 , the two cell populations were equally susceptible to such treatment.
DISCUSSION
The data presented above show that MO become apoptotic after phagocytosis of various extracellular bacteria. This has been documented by the observations that MO DNA was fragmented into oligosomes, a characteristic feature of apoptosis (26) , and that phagocytic cells had DNA strand breaks visualized in situ by incorporation of biotin-labeled dUTP in the presence of TdT (9) . In contrast, phagocytosis of the same bacteria by granulocytes had no such effect and slowed down the spontaneously occurring apoptosis of these cells. The induction of MO apoptosis was greatly reduced when bacteria were killed by heating and was not induced when cells took up inert latex particles. In addition, the RPMI medium in which some bacteria (S. aureus and E. coli) were grown for 3 h contained factors able to induce MO apoptosis, which indicates that the product(s) released by bacteria may be responsible for this phenomenon. Indeed, it has been shown that bacterial toxins produced by Clostridium diphtheriae, P. aeruginosa, or S. aureus induce apoptosis of various cell types (11, 19) . Our results indicate that apoptosis and killing of MO is restricted mainly to cells which contain bacteria. This is best illustrated by showing that bacterium-free MO sorted from a mixed cell population survive much better than MO which took Although MO became apoptotic after phagocytosis of S. aureus, they killed this microorganism comparably to PMN, indicating that the phenomenon is not likely to have a substantial effect on the protective function of these cells; recently it has been reported that apoptosis of macrophages is a prerequisite for killing of Mycobacterium bovis BCG (16) . However, DNA isolated from PMN which took up and killed bacteria was not fragmented up to 6 h of incubation. Neither necrosis nor rapid disintegration of phagocytes could account for the lack of PMN apoptosis after incubation with bacteria, as PMN number, viability, and DNA yield were stable during this time.
The oxidative stress is considered a major factor contributing to cell apoptosis (5) , and phagocytosis itself is a potent stimulus of the respiratory burst (18) . As judged from the measurement of chemiluminescence response, phagocytosis of bacteria by MO and PMN induces less reactive oxygen species than taking up latex beads (our unpublished data). Since latex phagocytosis had no effect on the phenomenon described above and MO and PMN were comparably susceptible to H 2 O 2 -induced apoptosis, we reason that generation of reactive oxygen species is not sufficient to trigger apoptosis of MO or to delay apoptosis of PMN. Furthermore, catalase, superoxide dismutase, glutathione, and dimethyl sulfoxide when added to the culture medium before exposure of MO to bacteria had no effect on cell viability (2a) .
It has been reported that PMN survive better if exposed to cytokines or bacterial factors inducing their production (7, 13) , probably by affecting tyrosine phosphorylation (27) . We do not know whether cytokines like granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, interleukin-2, and tumor necrosis factor alpha, which are known to influence PMN survival, were present in our cultures. The PMN preparations used by us were contaminated by 5 to 15% of cells which by morphology were lymphocytes or MO (not shown), and PMN itself were shown to produce several cytokines (6) . However, if one assumes that contaminating cells or PMN themselves produce cytokines which influence survival of phagocytic cells, the differences between PMN and MO become even more striking, as the latter also survive much better in the presence of the above-mentioned cytokines (15) . PMN but not MO were shown to express Fas ligand (Fas-L), and it has been recently proposed that PMN apoptosis is predominantly triggered by Fas (CD95)-Fas-L interaction (14) . Thus, it cannot be excluded that phagocytosis of bacteria may temporarily down-regulate expression of Fas and/or Fas-L, reducing their interactions.
In conclusion, our data indicate that the same signal, namely, phagocytosis and killing of microorganisms, may have different effects on two subsets of myeloid cells, inducing apoptosis of MO while not affecting or even slowing down apoptosis of PMN. This finding supplements the observation made by Polla et al. (21) , who showed that MO but not PMN express heat shock proteins after phagocytosis of opsonized erythrocytes or S. aureus. The relevance of this observation to our results is not apparent, as expression of heat shock proteins and apoptosis of myeloid system cells, although often triggered by the same stimuli, seem to be independent phenomena (1, 8) .
Our observation could be of physiological relevance, as MO apoptosis after phagocytosis and killing of extracellular microorganisms may reduce the effectiveness of bacterial antigen presentation, but would be less important if infection is limited by phagocytic cells. Indeed, we noted that MO which phagocytosed bacteria are less efficient as antigen-presenting cells (22) . In contrast, when MO were infected in vitro with low numbers of M. tuberculosis, they did not become apoptotic (8a) . Similarly, apoptosis of macrophages was reported to be delayed after infection with Leishmania donovani (17) . This may constitute a fundamental difference in recognition by MO of extracellular and intracellular parasites.
In contrast, PMN are short-lived cells, mainly responsible for the elimination of pathogens, and their prolonged survival (if the cell is confronted with bacteria) would benefit the host. Prolonged survival of PMN engaged in phagocytosis of bacteria (our data) and in the presence of inflammatory cytokines and bacterial products (7, 13) may represent an important innate defense mechanism which avoids unnecessary involvement of the specific immune response. 
